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RESUMO 
 
 
 
A passagem de um padrão monsoonal para um padrão de circulação 
atmosférica zonal ocorreu durante o Cretáceo devido à fragmentação do 
Supercontinente Gonduana. Essa mudança na direção dos paleoventos é 
registrada no mergulho de estratos cruzados de dunas eólicas acumuladas em 
várias bacias de Gonduana. Três mapas de reconstrução de paleoventos foram 
construídos com a integração de dados paleocorrentes compilados de bacias 
Fanerozoicas brasileiras, Bacia de Neuquén na Argentina e bacias do Congo e 
Huab na África. O Gonduana foi dominado por ventos do nordeste ao norte e 
ventos do sudoeste ao sul, deslocando, assim, a Zona de Convergência 
Intertropical para 15º a 20  sul do equador durante o Jurássico Tardio até o 
início do Cretáceo. Por sua vez, os ventos apresentaram uma tendência geral 
para o oeste-noroeste em latitudes baixas e médias no Gonduana no final do 
Cretáceo Inical. Esses resultados apontam para a existência de um padrão 
monsoonal durante o Jurássico Tardio até o início do Cretáceo Inicial e a 
entrada do padrão zonal no final do Cretáceo Inicial, associado à fragmentação 
de Gonduana. 
 
Palavras-Chave: Padrão monsonal, Padrão zonal, Dunas eólicas, Bacias 
brasileiras, Mesozoico. 
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ABSTRACT 
 
 
The passage of a monsoonal pattern to a zonal atmospheric circulation pattern 
occurred during the Cretaceous due to fragmentation of Gondwana 
Supercontinent. This change in the paleowind direction is recorded in cross-
strata dip directions of eolian dunes accumulated in various basins of 
Gondwana. Three maps of paleowind reconstruction were built with integration 
of compiled paleocurrent data from Phanerozoic basins in Brazil, Neuquén 
Basin in Argentina and Congo Basin and Huab Basin in Africa. Gondwana was 
dominated by northeast winds to the north and southwest winds to the south, 
thus shifting the Intertropical Convergence Zone to 15º to 20⁰ south of the 
equator during Late Jurassic to the beginning of the Cretaceous. In turn, winds 
had a general tendency towards west-northwest at low and mid-latitudes in 
Gondwana at the end of Early Cretaceous. These results point to the existence 
of a monsoonal pattern during the Late Jurassic to the beginning of Early 
Cretaceous and the entry of zonal pattern at the end of Early Cretaceous, 
associated with fragmentation of Gondwana.  
 
Keywords: Monsoonal pattern, Zonal pattern, Eolian dune, Brazilian basins. 
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1.  INTRODUÇÃO 
 
A ação do vento em rochas sedimentares é registrada pela observação 
de depósitos de dunas e interdunas dentro da hierarquia das superfícies 
limítrofes (Rodríguez-López, de Boer, Meléndez, Soria and Pardo, 2006). 
Assim, a análise sistemática de paleocorrentes inferidas da direção de 
mergulho de estratificações cruzadas em diferentes unidades eólicas e fluvio-
eólicas permite a reconstrução de padrões de ventos superficiais em diferentes 
intervalos de tempo. Permite ainda apontar mudanças no padrão da circulação 
atmosférica de uma área, tanto em função de mudanças paleogeográficas e 
paleoclimáticas regionais ou globais (Peterson, 1988). Lembrando que no 
registro geológico ficam gravados com mais clareza os ventos constantes 
(Parrish & Peterson, 1988).  
O intervalo correspondente ao Jurássico Superior-Cretáceo Inferior foi 
marcado pelo início da fragmentação do Supercontinente Gonduana, gerando 
uma alteração significativa na distribuição dos continentes e oceanos. Estas 
alterações paleogeográficas geraram mudança nos padrões de circulação 
atmosférica conforme demonstram diferentes modelos paleoclimáticos (Moore, 
Hayashida, Ross, & Jacobson, 1992). Entretanto, existem poucos estudos das 
paleocorrentes de origem eólica no Gonduana durante o Juro-Cretáceo que 
permitam a validação dos modelos computacionais. Tais estudos indicam um 
sistema monsonal de paleoventos durante o início do Mesozoico. Contudo, 
existem dúvidas sobre em que andar do Cretáceo ocorreu o rompimento do 
padrão monsonal e o estabelecimento do padrão zonal de ventos existentes 
hoje.  
A fragmentação do supercontinente Gonduana durante o Juro-Cretáceo 
afetou o sistema de circulação atmosférica geral devido às alterações 
paleogeográficas. Dessa forma a passagem de um padrão monsonal para uma 
padrão zonal pode ser reconhecida pelo registro de paleocorrentes de origem 
eólica em ambientes eólicos e fluvio-eólicos.   
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1.1. OBJETIVOS 
 
Esse trabalho tem como objetivo reconstruir as direções dos ventos 
regionais no supercontinente Gonduana durante o Juro-Cretáceo. A partir 
compilação sistemática de dados da bibliografia, juntamente com dados 
coletados no projeto, foi elaborado um banco de dados com informações 
relativas à localização, características faciológicas e paleocorrente dos 
depósitos eólicos dos diferentes andares do Jurássico Superior e Cretáceo. 
Como existem dúvidas sobre em que andar do Cretáceo ocorreu o rompimento 
do padrão monsonal e o estabelecimento do padrão zonal de ventos existentes 
hoje, espera-se estabelecer um modelo evolutivo dos padrões de vento. 
1.2. ESTADO DA ARTE: SISTEMAS DE VENTOS ATUAIS E DO 
JURO-CRETÁCEO  
 
No início da década de 60, estudos paleoclimáticos assumiam que o 
padrão atmosférico geral teria sido sempre o mesmo ao longo do tempo, 
correspondendo ao padrão zonal moderno (Parrish, 1993). O padrão de 
circulação zonal é controlado pelo contraste térmico entre a região do equador 
e os polos e pela velocidade do movimento de rotação da Terra que define o 
número de zonas, células de circulação de massas de ar, em cada hemisfério 
(Compagnucci, 2011), atualmente três (Parrish & Peterson, 1988). O percurso 
dos ventos ocorre da seguinte forma: a incidência dos raios solares é mais 
efetiva em áreas próximas da linha do equador, assim o ar dos polos é mais 
frio e denso e acaba fluindo em direção ao equador, onde sobe, condensa e 
perde umidade, voltando, mais seco em direção aos polos e fechando o ciclo 
(Figura 1). Compagnucci (2011) deixa claro que mudanças de temperatura do 
planeta irão resultar em diferenças no gradiente térmico entre os polos e o 
equador causando alterações no movimento de massas de ar, ou seja, no 
padrão circulação atmosférica. 
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Figura 1. Esquema de representação da circulação atmosférica dentro do padrão zonal. 
Mostrando três células de movimentação de massas de ar em cada hemisfério, as zonas de alta, 
baixa pressões e de convergência intertropical e a nomenclatura dos ventos. Modificado de: 
http://en.wikipedia.org/wiki/Prevailing_winds. 
 
O padrão de circulação dominante hoje em dia é o padrão zonal (Figura 
2), onde as massas continentais estão fragmentadas e a ausência de grandes 
concentrações de massas de terra faz com que não ocorra um forte contraste 
barométrico e do gradiente térmico (Parrish & Peterson, 1988). O movimento 
das massas de ar é influenciado pelo Efeito Coriolis gerado pelo movimento de 
rotação da Terra entorno do seu próprio eixo, essa força altera o movimento de 
um corpo que não esteja conectado à Terra para a direita, no hemisfério Norte, 
e para a esquerda, no hemisfério Sul. Scherer & Goldberg (2007) e Parrish & 
Peterson (1988) apontam que como o efeito Coriolis é nulo na região equador, 
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os ventos se orientam de acordo com as zonas de baixa pressão, dando 
origem a sistemas monsonais menores, como as monções asiáticas. 
 
 
Figura 2. Representação da circulação zonal atual, com padrão monsonal subordinado onde 
os ventos cortam a linha do equador na região asiática devido ao contraste barométrica. Extraído 
de http://www.clipart.dk.co.uk/DKImages/sci_earth/image_sci_earth055.jpg. 
O modelo numérico de circulação atmosférica geral para o Jurássico 
indica uma circulação monsonal em baixas latitudes (Moore et. al., 1992). Este 
padrão é caracterizado por ventos que cortam a linha do equador, próximos à 
Zona de Convergência Intertropical, onde a movimentação desses ventos é dos 
centros de altas pressões em um hemisfério durante inverno para os centros de 
baixas pressões em outro hemisfério durante verão (Webster, 1987).  
A circulação zonal é modificada pelo contraste de temperatura entre 
continentes e oceano estabelecendo uma perturbação no curso dos ventos. A 
perturbação é o padrão monsonal, esse consiste em zonas de alta e baixa 
pressão que se alternam com as estações em cada hemisfério (Parrish & 
Peterson, 1988). Scotese and Summerhayes (1986) afirmam que a mudança 
de pressão entre massas de terra e oceanos gera ventos geostróficos, ou seja, 
neste caso ventos controlados por contraste barométrico, que resultam no 
padrão monsonal. 
 Um exemplo atual de padrão monsonal, no caso subordinado ao padrão 
zonal atual, ocorre na Ásia (Figura 3), aqui em baixas latitudes médias o 
cinturão de alta pressão é rompido e transformado em uma célula de alta 
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pressão nos oceanos e baixa pressão no continente. Durante o verão no 
hemisfério norte uma forte zona de baixa pressão ocorre no continente e 
ventos originados no hemisfério sul cruzam o equador levando umidade até a 
barreira da Cordilheira dos Himalaias.  Já durante o inverno no hemisfério 
norte, uma zona de alta pressão ocorre no continente e ventos do hemisfério 
norte cruzam o equador em direção ao oceano Índico, onde se forma uma zona 
de baixa pressão (Parrish, 1993).  
 
 
Figura 3. Padrão monsonal asiático, ventos são dirigidos pelas zonas de alta para baixa 
pressão.  Fonte: Modificado de 
http://apollo.lsc.vsc.edu/classes/met130/notes/chapter9/lakebreeze.html. 
 
Contudo, para que o padrão monsonal ocorra como padrão principal é 
necessário que exista um contraste barométrico alto entre massas de terra e 
oceanos de ambos hemisférios. Essa situação desenvolveu-se durante a 
existência do supercontinente Pangeia, onde à medida que foi ocorrendo sua 
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fragmentação o contraste barométrico foi diminuindo e um padrão zonal 
desenvolveu-se (Parrish, 1993). 
Quando Briden and Irving (1964) plotaram as paleolocalizações de 
arenitos eólicos e evaporitos que foram depositados durante a existênciado 
Pangea, observaram que as zonas onde esses se encontravam não 
encaixavam nas zonas desérticas atuais, que ocorrem próximos às latitudes 
30ºS e 30ºN (McKee, 1979), e sim, que os depósitos desérticos durante o 
Pangeia se aglomeravam entorno da região do equador (Figuras 4 e 5).  O 
termo padrão monsonal foi usado por Robinson (1973) para descrever a 
mudança na distribuição de rochas dependentes do clima para sua deposição, 
levando a crer que o clima era fortemente sazonal durante o Pangea. 
 No supercontinente Laurasia, os registros no Jurássico mostram que 
depósitos de carvão foram aos poucos substituídos por evaporitos em latitudes 
próximas de 30ºN, indicando assim uma entrada do padrão zonal pela 
passagem de um clima úmido para árido nessa latitude (Parrish, 1993). 
Todavia o Gonduana, por ser ainda um continente de grandes proporções, 
conseguiu manter um padrão monsonal até a sua fragmentação no Cretáceo 
Inferior (Scherer & Goldberg, 2007). Segundo Scotese and Summerhayes 
(1986) os sistemas de alta ou baixa pressão são mais intensos nos continentes 
ocorrendo o registro de ventos dominantes devido à estação, por exemplo, 
durante o verão no hemisfério sul no Gonduana sistemas de baixa pressão se 
instalavam e os ventos vinham do mar de Tétis. 
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 Figura 4. Distribuição de zonas desérticas globais durante o Pangeia. Distribuição no 
padrão monsonal, devido à aglomeração de massas continentais com áreas desérticas ocorrendo 
próximos a linha do equador, modificado de: http://www.scotese.com/newpage8.htm. 
 
 
Figura 5. Distribuição de zonas desérticas globais atuais. Mapa atual com distribuição no 
padrão zonal devido à fragmentação continental, as áreas desérticas ocorrem próximas às 
latitudes 30°N e 30°S, modificado de: http://environment.nationalgeographic. 
 
16 
 
1.3. SOBRE A ESTRUTURA DESTA DISSERTAÇÃO 
 
 
Esta dissertação de mestrado está estruturada em torno de artigo 
submetido em periódico. Consequentemente, sua organização compreende as 
seguintes partes principais:  
 
a) Introdução sobre o tema e descrição do objeto da pesquisa de mestrado, 
onde estão sumarizados os objetivos e o estado da arte sobre o tema de 
pesquisa.  
 
b) Artigo submetido em periódico com corpo editorial permanente e revisores 
independentes, escrito pelo autor durante o desenvolvimento de seu Mestrado.  
 
c) Comprovante eletrônico de submissão do manuscrito ao periódico. 
  
d) Referências bibliográficas citadas no capítulo 1 desta dissertação. 
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2. ARTIGO 
 
Paleowind reconstruction in Gondwana during the Late Jurassic-Early Cretaceous  
 
 
Raquel Gewehr de Mello a,* 
Claiton Marlon dos Santos Scherer a 
Ezequiel Galvão de Souza a 
João Pedro Formolo Ferronatto a 
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*Corresponding author. E-mail addresses: raquel_evenstar@hotmail.com (R.G. Mello), 
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Palavras: 6152 
Figuras: 7 
 
 
 
 
 
 
 
 
 
18 
 
Abstract 
The passage of a monsoonal pattern to a zonal atmospheric circulation pattern occurred during 
the Cretaceous due to fragmentation of Gondwana Supercontinent. This change in the 
paleowind direction is recorded in cross-strata dip directions of eolian dunes accumulated in 
various basins of Gondwana. Three maps of paleowind reconstruction were built with 
integration of compiled paleocurrent data from Phanerozoic basins in Brazil, Neuquén Basin in 
Argentina and Congo Basin and Huab Basin in Africa. Gondwana was dominated by northeast 
winds to the north and southwest winds to the south, thus shifting the Intertropical Convergence 
Zone to 15º to 20⁰ south of the equator during Late Jurassic to the beginning of the Cretaceous. 
In turn, winds had a general tendency towards west-northwest at low and mid-latitudes in 
Gondwana at the end of Early Cretaceous. These results point to the existence of a monsoonal 
pattern during the Late Jurassic to the beginning of Early Cretaceous and the entry of zonal 
pattern at the end of Early Cretaceous, associated with fragmentation of Gondwana.  
 
Keywords: Monsoonal pattern, Zonal pattern, Eolian dune, Brazilian basins. 
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1. Introduction 
 
The Late Jurassic-Early Cretaceous interval was marked by the beginning of 
fragmentation of Gondwana Supercontinent, generating a significant change in the distribution 
of continents and oceans. These palaeogeographic modifications shifted atmospheric circulation 
patterns as shown in different paleoclimatic models (Moore et al., 1992). The eolian 
paleocurrents data enable the validation of computational models that indicate a monsoonal 
paleowind system operating during the Early Mesozoic. Doubts remain about the timing in the 
Cretaceous of breaking the monsoonal pattern and establishing the current zonal pattern. 
This paper aims to reconstruct the regional regime of prevailing surface winds in 
Gondwana during the Late Jurassic-Early Cretaceous. The passage of a monsoonal pattern to a 
zonal pattern can be recognized by the paleocurrent records in eolian and fluvial-eolian 
environments. A database was developed from systematic compilation of literature, containing 
information of the location, facies characteristics and paleocurrent of eolian and fluvio-eolian 
deposits in different ages in the Late Jurassic-Early Cretaceous. We establish an evolutionary 
model of the surface wind patterns comparing them with wind circulation models as done by 
Peterson (1988) for the Pennsylvanian through the Middle Jurassic eolian units of the Colorado 
Plateau, western Interior of the United States. 
 
2. Background: Zonal and monsoonal wind patterns 
 
The modern surface winds are dominated by a zonal pattern flow that is controlled by 
the thermal contrast between the equator and poles. Near to the equator the sunlight incidence is 
more effective warming the air that rises, condenses and loses moisture returning drier towards 
the poles. There it sinks and flows back to the equator, thus closing an atmospheric convection 
cell (Compagnucci, 2011; Scotese and Summerhayes, 1986). 
The movement of air masses is influenced by the Coriolis effect, which is generated by 
the Earth's rotation movement towards its axis. This force modifies the motion of a body 
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unconnected to Earth to the right in the Northern Hemisphere and to the left in the Southern 
Hemisphere. The rotation also determines the number of zones, corresponding presently to three 
circulation cells in each hemisphere (Compagnucci, 2011; Parrish and Peterson, 1988).  
The Hadley cell ascendance limb is near the equator, at the Intertropical Convergence 
Zone (ITCZ), and the descendant limb occurs close to latitude 30°, the horse latitudes. It 
represents the surface trade winds or easterlies, which are winds that flow towards the equator 
converging to the west. The Ferrel cell and the Polar cell ascendance limb occurs near latitude 
60º. The Ferrel cell descendant limb occurs in the horse latitudes, representing the surface 
westerlies, which are winds that flow poleward and are deflected eastward. The Polar cell 
descendant limb occurs at the poles and flows equatorward deflected westward, representing the 
polar easterlies (Compagnucci, 2011). 
The zonal pattern is also modified by barometric contrast between continents and oceans, 
this contrast establishes a disturbance in the course of winds in low latitudes. The disturbance is 
the monsoonal pattern, which consists of winds that cross the equator, near the ITCZ, where the 
Coriolis effect is null (Scherer and Goldberg, 2007). The wind flow is from a high-pressure 
center in one hemisphere during winter to the low-pressure center in the other hemisphere 
during summer (Parrish and Peterson, 1988; Webster, 1987).  
Figure 1 shows the prevailing southeast and northeast trade winds that represent the 
Hadley cell in the zonal pattern. However, a subordinate monsoonal pattern occurs in Asia. A 
strong low-pressure zone is on the mainland during summer in the Northern Hemisphere and 
southeast trade winds from the Indian Ocean are reoriented to tropical westerlies when crossing 
the equator, thus taking moisture to the barrier of the Himalayas mountain range. A high-
pressure zone is on the mainland during winter in the Northern Hemisphere, and the northeast 
trade winds from the Asian continent cross the equator reoriented to tropical westerlies toward 
the Indian Ocean, which is a low-pressure area (Loope et al., 2004). 
During the existence of Pangea the development of a supercontinent caused a high 
barometric contrast between land masses and oceans and also between hemispheres (Parrish, 
1993; Parrish and Peterson, 1988). Consequently, winds were oriented according to cross-
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equatorial barometric contrast, low-pressure cell in summer hemisphere and a high-pressure cell 
in winter hemisphere (Parrish and Peterson, 1988). Thus giving rise to a dominated monsoonal 
pattern (Fig. 2) such as the Asian monsoon (Fig. 1) (Parrish and Peterson, 1988; Scherer and 
Goldberg, 2007). 
 
Fig. 1. Modern surface winds with dominant zonal pattern, NE and SE trade winds reoriented to 
westerlies in a subordinate monsoonal pattern in Asia in the dashed area (Modified from Loope et al., 2004; 
original from Webster, 1987). A monsoonal pattern also occurs in the northwest coast of Africa. 
 
And during summer in Gondwana Southern Hemisphere, a low-pressure zone was on the 
mainland. The northeast trade winds from northern Tethys Sea crossed the equator and were 
reoriented to tropical westerlies towards the central portion of Gondwana, where the low-
pressure system was established (Scotese and Summerhayes, 1986). And the Southern 
Hemisphere winds from the southern Panthalassa Ocean were also reoriented, in this case to 
southwest winds in order to reach the low-pressure area. Both changes resulted in an ITCZ 
shifted to the south of the equator.  
22 
 
 
Fig. 2.  Cross-equatorial pressure contrast in each hemisphere due to seasons variation and land masses 
dimension giving rise to a monsoonal pattern during Pangea in Early Jurassic, arrows represent surface winds 
(Modified from Parrish and Peterson, 1988). 
3. Studied basins 
 
Eolian paleocurrents data from various Brazilian Mesozoic sedimentary basins were 
compiled: Paraná, Jatobá, Almada, Camamu, Recôncavo, Tucano, Iguatu and Parnaíba. The 
following basins were also investigated: Neuquén in Argetina, Congo in Democratic Republic 
of Congo and Huab in Namibia. These basins have eolian sandstones deposited during the 
interval of Jurassic to Cretaceous in Gondwana (Fig. 3). 
 
 
Fig. 3. World map with surveyed basins, 1. Neuquén, 2. Paraná, 3. Recôncavo, Camamu, Almada, 4. 
Tucano, 5. Jatobá, 6. Iguatu, 7. Parnaíba, 8. Congo e 9. Huab. 
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4. Methods  
 
In this work, eolian dunes cross-strata dip directions measured in fieldwork or collected 
from bibliography were used to reconstruct the paleowind pattern, similar to the research done 
by Eastwood et al. (2012); Loope (2004); Parrish and Peterson (1988); Peterson (1988); Scherer 
and Goldberg (2007). 
 Despite the eolian cross-strata dip direction indicates the general direction of the winds, 
it has some intrinsic uncertainty (Eastwood et al., 2012).  First, most wind regimes are 
multidirectional. Second, the dune size affects the direction component of wind regime. Third, 
winds are rarely uniform or steady; and fourth, wind is strongly modified by the presence of 
dunes. However, when we analyzed on a regional scale, the cross-strata dip directions in 
crescent dunes indicates the general wind direction, although there may be some obliquity 
between these vectors (e.g., Parrish and Peterson, 1988; Scherer and Goldberg, 2007).  
Taking these limiting factors in consideration, paleocurrent measurements are 
considered valid to infer paleowind directions. Information in this study was organized in a 
paleocurrent table as number of measurements, age and average wind direction vectors so that 
maps of three intervals were built. The data were organized into three maps in the following 
range: (1) Late Jurassic, (2) beginning of the Early Cretaceous and (3) end of Early Cretaceous. 
Thus, resulting wind directions from the paleocurrent data were compared with patterns set by 
numerical models.  
To undo plate movements after Gondwana fragmentation, all studied basins were plotted 
in the present geographic distribution of land and ocean. The basins were relocated into their 
positions during continental drift up to the configuration of Gondwana according to the Late 
Jurassic and Early Cretaceous paleogeographic maps of Blakey (2008). The South America 
movement was minimal, but the African plate rotation occurred 30° counterclockwise from the 
Late Jurassic to the current N-S trend when it drift northeastward, meaning that the 
paleoazimuth was NE-SW (Lotfy, 2015).  
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Eolian paleocurrents were thus correctly placed into their original positions using the 
mean resultant vectors from each formation or group, represented by indicator arrows in the 
paleowind maps. Wind patterns observed in each interval were compared with numerical 
models of atmospheric circulation (e.g., General Circulation Models) proposed to Late Jurassic 
(Moore et al., 1992) and for Late Cenomanian-Early Turonian (Hay and Floegel, 2012).  
5. Results and Discussion 
 
 Based on collected data and compilated data in the literature, it was possible to define 
the paleogeographic scenario and the wind pattern of three different time intervals: (1) Late 
Jurassic; (2) beginning of the Early Cretaceous; (3) end of the Early Cretaceous (Fig. 4). 
5.1.  Late Jurassic 
 
5.1.1. Paleogeography 
 
In this time interval, fragmentation of Gondwana Supercontinent was beginning and the 
opening of the Central Atlantic Ocean occurred during movement of Laurasia Continent 
towards the North (Fig. 5A) (Scotese et al., 1999; Blakey, 2008). Much of Gondwana consisted 
of a large plateau with elevations above 100 m, so several syneclises developed along with 
eolian and fluvio-eolian accumulation. 
In the north-central portion of Gondwana, a large basin developed during the Late 
Jurassic, linked to the initial stages of fragmentation of this supercontinent, known as the Afro-
Brazilian Depression. This basin was filled by fluvio-eolian-lacustrine sediments, whose 
ostracod biozones indicate the Dom João Stage, corresponding to the end of the Jurassic period 
(Kuchle et al., 2011). This succession receives different names depending on the analyzed 
region, standing out the Sergi Formation (Almada, Camamu, Recôncavo and Tucano Basins) 
(Kuchle et al. 2011). Basically, a granulometric increase and a general north-northeast 
paleodrainage pattern are observed in the southern portion of the depression (Kuchle et al., 
2011), equivalent to the Almada and Camamu Basins, indicating a proximity to the margin of  
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Fig. 4. Crossbedding dip vector resultants summary from the compiled units for the three interval ranges. c: resultant was corrected due to the de African plate movement (see section 
4.). 
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Fig. 5. Late Jurassic wind map. A: Paleogeographic map modified from Blakey (2011). B: Project wind model resultants. 1: Mosquito Fm. and Sergi Fm., 2: Guará Fm., 
Tordillo Fm. and Quebrada del Sapo Fm.. C: Atmospheric Circulation Model modified from Moore et al. (1992). 
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the basin, with a structural high that separated the Afro-Brazilian Depression from the Paraná 
Basin.  
The Upper Jurassic sedimentation of the Paraná Basin is registered in the Guará 
Formation (Scherer et al., 2000; Scherer and Lavina 2005, 2006). This formation from Southern 
Brazil is characterized by a fluvio-eolian succession. The palaeocurrent data of the fluvial 
deposits indicate a paleodrainage system flowing from north to south with increase of eolian 
successions to the south (Scherer and Lavina, 2005). High sediment maturity indicates an 
erosion of older sedimentary rocks of the Paraná Basin, although the depositional border of the 
basin remains undefined (Scherer and Lavina, 2005). The southern fluvial paleocurrents 
corroborate the hypothesis of existence of a topographic high separating the Paraná Basin from 
the Afro-Brazilian Depression (Scherer and Lavina, 2005). 
In the Parnaíba Basin, north of Gondwana, there are deposits of the Upper Jurassic, 
represented by the eolian dune and interdune deposits of the Macapá Member of the Mosquito 
Formation (Ballén et al., 2013). This basin was probably isolated from the Afro-Brazilian 
Depression. Paleocurrents to the southeast of the fluvial systems occur in the northern portion of 
the Afro-Brazilian Depression and indicate the existence of a structural high. This high 
separates the depression from the Parnaíba Basin north of the Jatobá Basin, corresponding to the 
Pernambuco-Paraíba Lineament (Kuchle et al., 2011). History of Upper Jurassic section of the 
Parnaíba Basin is linked to the evolution of the equatorial margin (fragmentation of Gondwana 
and Laurasia), as attested by the ages of the interflow basaltic units of the Mosquito Formation. 
The lower basalt flow is 190 Ma and the upper flow is 130 Ma, with the Macapá Member 
positioned between the flows (Ballén et al., 2013). 
The Neuquén Basin is a foreland basin developed as consequence of plate subduction on 
Gondwana western margin. Sea level and arc variations influenced the connection between the 
Paleo-Pacific Ocean and the basin (Veiga et al., 2005). Upper Jurassic deposits are characterized 
by eolian, fluvial and shallow-marine deposits, where coastal eolian dune fields and fluvial 
systems developed during progradation in periods of sea level fall (Veiga and Spalletti, 2007). 
Transgression led marine waves to erode most of the previously-formed eolian facies. This time 
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span corresponds to the Tordillo Formation and Quebrada del Sapo Formation, which are 
characterized by sedimentary accumulation as a result of a brief disconnection of the Neuquén 
Basin from the Paleo-Pacific Ocean (Zavala et al., 2005; Veiga and Spalletti, 2007). 
5.1.2. Cross-strata dip directions 
 
The direction of the paleocurrents indicates distinct regional domains. Fig. 4 and Fig. 
5B show eolian units located in the north-central basins of Gondwana (paleolatitude between 5° 
and 15° S), corresponding to the Mosquito and Sergi Formations. They present cross-strata 
mean vectors dipping towards SSW (Born et al., 2011; Ballén et al., 2013). On the other hand, 
the eolian dune deposits of the Guará Formation and both Tordillo and Quebrada del Sapo 
Formations, located south of Gondwana (paleolatitude between 30° and 40° S), present 
consistent prevailing cross-strata mean vectors dipping towards NE (Scherer and Lavina, 2005, 
2006; Zavala et al., 2005; Veiga and Spalletti, 2007; Zavala et al., 2008).  
5.1.3. Paleowind Pattern 
 
 A monsoonal pattern during the Late Jurassic is obtained from Global Circulation 
Models (GCM) (Moore et al., 1992) (Fig. 5C). During summer of the Southern Hemisphere 
(December-January-February), a low-pressure center developed in Gondwana and a high-
pressure center developed in the Northern Hemisphere. These centers generated strong 
barometric contrasts to allow winds to cross the equator and break the zonal pattern. Trade 
winds were reoriented towards south-southeast reaching the ITCZ. The ITCZ was characterized 
by convergence of monsoonal north-northwest winds and southwest winds. Southwest winds 
flowed due to high-pressure center over the Paleo-Pacific Ocean. In turn, during winter months 
of Gondwana (June–July–August), barometric contrast between hemispheres was low, not 
allowing the maintenance of a monsoonal pattern (Moore et al., 1992). 
 There is good correspondence between the inferred paleocurrents from cross-strata dip 
directions of eolian dunes and the GCM, corroborating the existence of a monsoonal pattern in 
low latitudes of Gondwana during Late Jurassic. Paleocurrents from eolian dunes of Mosquito 
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and Sergi Formations located in paleolatitude of 10° to 15° S are a consequence of northeast 
trade winds that crossed the equator at low latitudes of Gondwana. Paleocurrents from Guará, 
Tordillo and Quebrada do Sapo Formations located in paleolatitude of 30° to 40° S represent the 
westerlies to the south of the ITCZ. The precise position of the ITCZ remains undetermined 
from paleocurrent data due to lack of preserved eolian units between paleolatitude 15° to 30° S.  
5.2.  Early Cretaceous beginning 
5.2.1. Paleogeography 
 
This time span is not included in existing paleogeographic maps, a gap of 30 Ma between 
Upper Jurassic and top of Lower Cretaceous (Fig. 6A). However, a physical continuity of eolian 
dune fields in the southern portion of Brazil (Botucatu Formation) and Namibia (Twyfelfontein 
Formation) is observed (Scherer and Goldberg, 2007), indicating that continental break-up and 
marine ingression had not reached the Paraná Basin. Thus, both were still restricted to the 
southern end of Gondwana at this time. There were no significant paleogeographic variations 
between the Late Jurassic and the base of Early Cretaceous, so the same paleogeographic map 
was chosen for these two time intervals. 
Large areas of Laurasia were flooded and generated shallow-marine deposits at the base 
of the Cretaceous in Gondwana. However, marine deposits dominated only the extreme west 
near the Andes retro-arc and in the extreme south where the marine incursion already existed, 
fruit of oceanic fragmentation (Scherer and Goldberg, 2007). The Neuquén Basin was 
connected with the Paleo-Pacific Ocean by a narrow seaway during the Jurassic and Cretaceous, 
basin sedimentation was controlled by eustasy and tectonics (Strömbäck et al., 2005). In the 
Hauterivian, a major drop in sea level generated space for shallow-marine and non-marine 
deposits; as a result, the Avilé Member overlies shallow-marine deposits in the marginal areas 
of the basin (Veiga et al., 2002). 
Continental sedimentation, e.g., Botucatu Formation in the Paraná Basin, predominated in 
Gondwana interior. Arid climate in the central area of Gondwana allowed the existence of this 
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Fig. 6. Beginning of Early Cretaceous wind map. A: Paleogeographic map modified from Blakey (2011). B: Project wind model resultants. 1: North Botucatu Fm. 2: Central Botucatu 
Fm., 3: South Botucatu Fm., 4: Main Twyfelfontein Fm., 5: Avilé Mb., 6: Água Grande Fm. and 7: Dekese Fm.. C: Atmospheric Circulation Model modified from Moore et al. (1992). 
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great erg in a cratonic region. This topographic basin led to the accumulation of thick packages 
of eolian dune deposits. The erg occupied areas in South America and Africa where correlated 
sandstones are found, such as the Twyfenfontein Formation (Scherer and Goldberg, 2007). 
Dekese Formation in Congo Basin is correlated with the erg formations, pointing to the 
presence of a giant paleoerg in midwest Gondwana (Linol et al., 2015a, 2015b). Nevertheless, 
the existence of a high topographic area between basins cannot be dismissed. 
The Botucatu desert was similar to the present Sahara desert, more than 1,500,000 km2 in 
size, occurring in Brazil, Uruguay, Argentina, Paraguay and Africa, but the original extent of 
the Botucatu paleoerg is still debated (Scherer and Goldberg, 2007). This unit probably 
stretched west to the Andean border and east toward the African continent. The southern and 
northern boundary of the Botucatu paleoerg was probably similar to its current limits. The 
Botucatu Formation shows a marked decrease in thickness towards the south, indicating that the 
Sul-Riograndense Shield was a topographic high during eolian accumulation (Scherer, 2000, 
2002; Scherer and Goldberg, 2007). No evidence of physical continuity is known between the 
Botucatu “basin” and the rift basins of northeastern Brazil, suggesting the existence of high 
topographies between them. 
The Recôncavo Basin is part of an aborted intracontinental rift in Brazilian Northeast, and 
the Água Grande Formation records the initial development of the half-graben generated by 
Gondwana rupture (Wiederkehr, 2010). The Água Grande Formation is characterized by deltaic 
deposits that are overlain by fluvial-eolian strata, defining a general progradational pattern 
(Wiederkehr, 2010). 
The Twyfelfontein Formation corresponds to Cretaceous Etjo Formation (Mountney et 
al., 1998; Mountney and Howell, 2000) according to Jerram et al. (1999). The Etjo Formation in 
the central area of Namibia with Jurassic ages is correlated to the Karoo sediments and the 
Cretaceous Etjo Formation is interleaved with Lower Cretaceous basalts of the Etendeka Group 
in the Huab Basin. To avoid misunderstanding the Cretaceous Etjo Formation is named 
Twyfelfontein Formation (Jerram et al., 1999; Stanistreet and Stollhofen, 1999) as here used.  
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5.2.2. Cross-strata dip directions 
 
The direction of the paleocurrents indicates distinct regional domains. Fig. 4 and Fig. 6B 
show eolian units located in the north-central basins of Gondwana (paleolatitude between 10° 
and 25° S). They correspond to Água Grande Formation and northern portion of the Botucatu 
Formation. The units present cross-strata mean vectors dipping towards S, SE and SW (Scherer 
and Goldberg, 2007; Wiederkehr, 2010). In contrast, Botucatu Formation crossbedded eolian 
dunes in the southern portion of the basin (Uruguay, Rio Grande do Sul and Santa Catarina) and 
the Main unit in the Twyfelfontein Formation (paleolatitude 30° S) present cross-strata mean 
vectors dipping towards NE (Mountney et al., 1998;Scherer and Goldberg, 2007). In turn, the 
Botucatu Formation in present Paraná State (paleolatitude 26° S) is marked by widely dispersed 
dip of cross-strata mean vectors culminating in polymodal distribution (Scherer and Goldberg, 
2007). In southwest Congo Basin (paleolatitude 15° S), measured paleocurrents of eolian dunes 
from Dekese Formation are corrected to WSW (Linol et al., 2015a). The Avilé Member 
(paleolatitude 35° S) presents cross-strata mean vectors dipping towards NNE (Veiga et al., 
2002). 
5.2.3. Paleowind Pattern 
 
The beginning of the Early Cretaceous has no proposed GCM. However, there were no 
significant paleogeographic changes between the Late Jurassic and beginning of Early 
Cretaceous to suggest a change in wind patterns for lower latitudes of Gondwana. As shown in 
Fig. 6B, the SSW paleocurrent of Água Grande Formation and the SSE paleocurrent from 
northern portion of Botucatu Formation, located in paleolatitude 10° to 25° S, are a consequence 
of the reorientation of the northeast trade winds that crossed the equator into tropical westerlies 
in low latitudes of Gondwana. This wind deflection is a consequence of a high-pressure center 
(Fig. 6C) in the center-eastern portion of Gondwana (Moore et al., 1992). 
Paleocurrents to NE of the southern portion of the Botucatu Formation and Twyfelfontein 
Formation (located in paleolatitude of 30° S), along with paleocurrents to N from the Avilé 
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Member (located in paleolatitude of 36° S) represent southeast winds to the south of the ITCZ. 
These winds from the high-pressure center in the Paleo-Pacific Ocean flow to the low-pressure 
center in the continent. The polymodal paleocurrent data from the central portion of the 
Botucatu Formation located in paleolatitude 26° S point to the confluence of tropical westerlies 
and southwest winds, allowing the precise positioning of ITCZ and corroborating GCM. 
The WSW paleocurrent of the Dekese Formation, located in paleolatitude 15° S, 
represents the deflection of the Southern Hemisphere trade winds to west/southwest The 
paleocurrent points to the eastern boundary of the influence of monsoonal tropical westerlies 
during summer of the Southern Hemisphere.  
In Figure 6C (December-January-February), the predicted winds in low Northern 
Hemisphere latitude are northeast trade winds. The predicted winds in low Southern 
Hemisphere latitude and prevailing measured winds are still the northeast trade winds. 
However, in mid-low southern latitude 20º S, the predicted and measured winds are tropical 
westerlies (Loope, 2004), not the expected southeast trade winds from a zonal pattern. 
Paleocurrent data suggest that the monsoonal pattern advanced to the beginning of the 
Cretaceous (Fig. 6B). Thus, the wind map shows a distribution of a well-defined monsoonal 
atmospheric circulation pattern, because they suggest that the ITCZ shifted to the south of the 
equator line during summer of the Southern Hemisphere. In this hemisphere, tropical westerlies 
dominated latitudes near 20º S and southwest winds dominated latitudes near 30º S. In the 
summer of the Southern Hemisphere, Northern Hemisphere northeast trade winds from the 
extreme north of Gondwana reached ITCZ, that shifted to the south due to large landmass 
effect. The winds turned abruptly and flowed as tropical westerlies into the low-pressure zones 
over central Gondwana, representing 180º flow reversal (Loope, 2004). 
5.3.  Early Cretaceous end 
 
5.3.1. Paleogeography 
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 In this interval, fragmentation of Gondwana was in progress and an epicontinental sea 
opened in the south to give rise to the South Atlantic Ocean (Scotese et al., 1999). The Central 
Atlantic became a mature ocean due to the opening of Gulf of Mexico (Blakey, 2008) (Fig.7A). 
The absence of epicontinental seas in the interior of Gondwana, specifically in the center-
western portion, was a consequence of a wide plateau in the eastern portion (Scherer and 
Goldberg, 2007), leaving dry the interior of the continent and reinforcing an arid climate. At this 
stage, the process of rupturing was intensified and developed a continental rift system, giving 
rise to half-grabens in the northeast and to the South Atlantic Ocean in the south. 
A system of aborted rifts in the interior of the Brazilian northeast was mostly in the final 
filling phase. These rifts are represented in this study by the Lima Campos Formation (Iguatu 
Basin), São Sebastião Formation (Jatobá Basin) and Almada Group (Camamu Basin). They 
have a predominantly alluvial and lacustrine fill, with eolian deposits restricted to sand sheets 
and small eolian dune fields (Arima, 2007; Rocha and Amaral, 2007; Born et al., 2011). At the 
same time, another considerable fall in sea level in the Neuquén Basin culminated in the 
deposition of the Troncoso Member on top of previous Aptian marine deposits (Strömbäck et 
al., 2005). 
5.3.2. Cross-strata dip directions 
 
The cross-strata of the eolian dunes of São Sebastião Formation, Lima e Campos 
Formation and Almada Group record (Fig. 4 and Fig. 7B) eolian paleocurrents to WNW 
(paleolatitude 5° to 15° S) (Arima, 2007; Ferronatto, 2016; Born et al., 2011). In Neuquén 
Basin, Troncoso Member records cross-strata mean vectors dipping towards NE (paleolatutide 
35° S) (Strömbäck et al., 2005; Veiga et al., 2005). 
5.3.3. Paleowind Patterns 
 
There is no proposed GCM for the end of the Early Cretaceous. However, the 
paleocurrent data fit the model (Fig. 7C) proposed by Hay and Floegel (2012) for late 
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Fig. 7. End of Early Cretaceous wind map. A: Paleogeographic map modified from Blakey (2011). B: Project wind model resultants. 1: Lima e Campos Fm., 2: São Sebastião 
Fm., 3: Almada Gp. and 4: Troncoso Fm.. C: Atmospheric Circulation Model from Hay and Floegel (2012). 
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Cenomanian-Early Turonian (beginning of the Late Cretaceous). Paleocurrent data from the São 
Sebastião and Lima e Campos Formations and Almada Group, located in paleolatitude 5° to 15° S, 
present paleocurrents to west-northwest, indicating a predominance of trade winds, corroborating with 
the patterns defined by GCM (Hay and Floegel, 2012). According to GCM, the prevailing winds were 
winter trade winds, whose speeds reached 4 to 7 m/s (Hay and Floegel, 2012). During summer, winds 
were weak and did not determine dune migration trend. In the Neuquén Basin in Argentina, 
paleocurrents of Troncoso Formation, located in paleolatitude 35° S, are in general to northeast, 
indicating the predominance of summer westerlies according to GCM for the Southern Hemisphere 
(Fig. 7B and C). Thus, the paleocurrent pattern reinforces the existence of a zonal circulation pattern at 
the end of the Early Cretaceous, with easterlies (trade winds) dominating low latitudes and westerlies 
in middle latitudes of South America. 
 Hadley Cell dimension shrunk during the mid-Cretaceous (Hasegawa et al., 2012). A shift in 
the position of the descending limb of the Haddley Cell was observed from about 30º N to 15º N in the 
Northern Hemisphere due to the pCO2 threshold level about 1000 ppmv (Hasegawa et al., 2012; Hay 
and Floegel, 2012). However, the lack of eolian data in the area related to the descending limb for that 
period in the Southern Hemisphere leaves this shift unregistered. Nowadays, CO2 level is >400 ppm 
(NOAA, 2017) and rising. As a result, shift of descending limbs brings catastrophic alterations in 
climate because, among other things, the descending limbs control dry and moist regions at low 
latitudes (Hasegawa et al., 2012; Hay and Floegel, 2012). 
The eolian paleocurrent data reinforce the monsoonal circulation pattern for Gondwana 
proposed by various authors (Moore et al., 1992; Parrish, 1993). However, contrary to the assertions of 
Parrish and Peterson (1988), the monsoonal pattern did not go extinct in Jurassic due to fragmentation 
of Pangea. The pattern was extended to the beginning of the Early Cretaceous in the middle latitudes 
of Gondwana. Gondwana, similar to Pangea, had the necessary size to configure a monsoonal pattern 
(Parrish, 1993), weaker than Pangea but still expected to occur. 
6. Conclusions 
 
The eolian paleocurrent mean vectors obtained in eolian or fluvial-eolian sandstones of Upper 
Jurassic to Lower Cretaceous reflect the change from the monsoonal atmospheric circulation pattern to 
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a zonal pattern only in the end of the Early Cretaceous. As described in this study, from the Late 
Jurassic to the beginning of the Early Cretaceous, Gondwana was dominated by northeast winds to the 
north, southwest winds to the south and also polymodal winds in the center during the beginning of the 
Early Cretaceous, marking the monsoonal atmospheric circulation pattern, given that the ITCZ shifted 
to south of the equator. However, at end of the Early Cretaceous, winds had a general preference 
towards west in the low and mid-latitudes, consistent with establishment of the zonal pattern. 
Therefore, the result is of value for the study of paleowinds derived from eolian strata, because the 
passage of a monsoonal pattern to a zonal pattern is recognized from eolian paleocurrent records in 
eolian and fluvial-eolian environments. Also, fragmentation of Gondwana Supercontinent during the 
Late Jurassic-Early Cretaceous affected the general atmospheric circulation system due to 
paleogeographic changes. 
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